The properties of nanoparticles (NPs) and nanostructured materials often drastically differ from those of bulk materials with the same chemical composition and are advantageous for numerous physical, biological, biomedical, and pharmaceutical applications[@b1]. Therefore, the preparation of nanomaterials with well-controlled shape, size, phase purity, chemical composition, and with targeted, often multifunctional, properties is one of the most challenging problems in materials science. Because multifunctional NPs provide several functionalities in a single assembly, they are more applicable than conventional monofunctional NPs. Consequently, the design and preparation of multifunctional NPs have garnered considerable interest in recent years. In this respect, inorganic NPs doped with small amounts of activator ions such as transition-metal and/or rare-earth (RE) ions have attracted much attention because of their fascinating optical, magnetic, and thermal properties. Their potential as multifunctional materials is exceptionally broad. For example, they can be useful in improving photovoltaic cell efficiency through solar spectral conversion by shifting short-wavelength sunlight (ultraviolet and blue) to longer wavelengths (downshifting, quantum cutting), or by shifting long-wavelength near-infrared (NIR) radiation to visible light (upconversion), which provides more radiation in the spectral region wherein the solar cell shows the largest quantum efficiency[@b2]. The luminescence decays of the majority of lanthanide and transition-metal ions (of the order of μs and larger) are much longer than those of biological materials (e.g., proteins and cells); therefore, NPs activated with these ions have high potential for biolabeling applications. Long-lasting emissions can be easily discriminated from the autofluorescence of biological materials using time-resolved measurements. Lanthanide- and transition-metal-ion-activated NPs do not show photobleaching and blinking, because the emission arises from many ions incorporated within the NPs. Also, these materials can be used in nanomedicine as anticancer drug carriers and magnetic resonance imaging (MRI) contrast agents, as well as in optical displays, cathode ray tubes, fluorescent lamps, light-emitting diodes, infrared detectors, scintillators, and fluorescent paints[@b3][@b4].

Gadolinium orthovanadate (GdVO~4~)-based materials have interesting luminescent and magnetic properties. Gd compounds can be easily doped with luminescent lanthanide ions because of the equal valence and similar ionic radii. They can be efficiently excited with UV radiation because of the strong absorption of the VO~4~^3−^ groups and efficient energy transfer from GdVO~4~ to lanthanide ions. Therefore, GdVO~4~ is a used as a phosphor (doped with Eu^3+^, Dy^3+^, Sm^3+^), an upconvertor (doped with Er^3+^/Yb^3+^, Ho^3+^/Yb^3+^, or Tm^3+^/Yb^3+^), and a laser (doped with Nd^3+^)[@b5][@b6]. In addition, GdVO~4~ NPs can act as T1-positive contrast agents for MRI, because Gd^3+^ ions possess unpaired electrons that efficiently alter the relaxation time of the surrounding water protons[@b3][@b4][@b7].

So far, several methods have been used to prepare undoped and RE^3+^-doped GdVO~4~ NPs with various sizes and shapes. GdVO~4~:Eu^3+^ NPs have been successfully synthesized via a facile solvothermal route[@b4][@b8], a urea hydrolysis method[@b9], a co-precipitation synthesis[@b10], as well as facile hydrothermal methods[@b11][@b12]. Using these methods, tetragonal particles (d \~ 70 nm), spherical particles (d \~ 40 nm), ellipsoid particles (d \~ 20 nm, l \~ 25 nm), nanorods (d \~ 5 nm, l \~ 20 nm), and nanowires (d = 15 nm, l = a few microns) were fabricated[@b8][@b9][@b10][@b11][@b12]. Submicronic polyhedrons with formula GdVO~4~:RE^3+^ (RE^3+^ = Sm^3+^, Dy^3+^, Er^3+^) (d \~ 300 nm) were obtained by facile hydrothermal methods[@b13]. Spherical GdVO^4^:Er^3+^/Yb^3+^ NPs with diameters ranging from 30 to 50 nm were produced by a simple hydrothermal process assisted by polyvinylpyrrolidone (PVP)[@b14].

One of the significant methods for the synthesis of nanoparticles with desired diameter and shape is a reverse micelle route. This preparation method is widely applicable and is based on a simple concept. After mixing two reverse micelles, i.e., water-in-oil (oil being the nonpolar organic solvent) droplets containing reaction precursors, an intermicellar exchange readily takes place, and a chemical reaction between the precursors occurs, followed by nucleation and growth of nanocrystals. The growth of the NPs occurs in water droplets dispersed in oil and stabilized by surfactant molecules. In other words, the droplets are coated by monolayer shells of aggregated surfactant molecules, with polar functional fragments (heads) oriented toward the aqueous phase and hydrocarbon chains (tails) immersed in oil. Clearly, the droplet size directly affects the final size of the NPs and depends on the surfactant type and water/surfactant molar ratio. Several other parameters such as the working temperature, concentration of precursor ions, and presence of co-surfactants are important and should be taken into account. The reverse micelle method has already been successfully employed in the preparation of various types of materials, including metals, silica and other oxides, polymers, semiconductors, superconductors, and bimetallic NPs with a core-shell or alloy structure[@b15][@b16][@b17][@b18].

Herein, the aim was to prepare Eu^3+^- and Er^3+^/Yb^3+^-doped GdVO~4~ NPs by a reverse micelle route and to assess their multifunctional optical properties. The underlying motivation behind this novel synthesis approach to RE vanadates is the expectation that this method can provide small, highly crystalline NPs that incorporate RE dopant ions, and that this approach may be of significance in the preparation of other RE^3+^-based nanomaterials.

Results and discussion
======================

We synthesized RE^3+^-doped GdVO~4~ NPs in a reverse micelle medium using cyclohexane as the oil phase, Triton X-100 as a nonionic surfactant, and n-pentanol as a co-surfactant. In particular, intermediate-chain-length alcohols as co-surfactants (*n*-pentanol, *n*-butanol, or *n*-hexanol) with a hydrophobic chain and a terminal hydroxyl group interact with surfactant monolayers at the interface and get distributed between the aqueous phase and phases in the micellar medium and may affect the final size distribution of the NPs[@b19][@b20]. A nonionic surfactant, Triton X-100, was used because of its high degree of flexibility and because it has a much lower critical micelle concentration compared to ionic surfactants owing to the absence of electronic repulsion between ionizable groups[@b21]. A simplified schematic of our synthesis is shown in [Figure 1](#f1){ref-type="fig"}.

Structural and microstructural properties of Eu^3+^- and Er^3+^/Yb^3+^-doped GdVO~4~ nanoparticles
--------------------------------------------------------------------------------------------------

Typical X-ray diffraction patterns of Eu^3+^- and Er^3+^/Yb^3+^-doped GdVO~4~ bulk particles and NPs, together with an example of structural refinement and a schematic representation of a zircon-type structure, are shown in [Figure 2](#f2){ref-type="fig"}. All patterns clearly show the presence of a single tetragonal zircon-type phase of GdVO~4~ (space group I4~1~/amd, JCPDS card no. 17-0260)[@b22]. The absence of impurity phases and very small shift of reflections compared to the reflection positions of pure GdVO~4~ indicate that the dopant ions are successfully and uniformly incorporated into the GdVO~4~ host lattice. In addition, the relatively intense reflection peaks suggest that the as-synthesized NPs are highly crystalline, and no additional thermal treatment is necessary. Such a high crystallinity may be attributed to homogeneous nucleation in reverse micelles[@b23]. The average crystallite sizes of the GdVO~4~:Eu^3+^ and GdVO~4~:Er^3+^/Yb^3+^ NPs (3.3 and 3.9 nm, respectively) are estimated from the diffraction peaks by the Halder--Wagner method, while the value of 4.2 nm is found from structural refinement.

GdVO~4~ crystallizes with a zircon-type structure ([Figure 2c](#f2){ref-type="fig"}), where the V^5+^ ions in the \[VO~4~\]^3−^ groups are tetrahedrally coordinated with O^2−^ ions, and the Gd^3+^ ions (with D~2d~ point symmetry) are located within a distorted dodecahedron of eight O^2−^ ions. The overall structure is composed of alternating edge-sharing GdO~8~ dodecahedra and VO~4~ tetrahedra, forming chains parallel to the *c*-axis[@b24]. The local symmetry (the first coordination sphere) around the lanthanide ions shows the highest effect on their luminescence properties. Consequently, substitution of the Gd^3+^ ions with Eu^3+^ and Er^3+^ will result in emissions that are characteristic of D~2d~ point symmetry.

Structural details of the synthesized Eu^3+^- and Er^3+^/Yb^3+^-doped GdVO~4~ bulk particles and NPs were calculated by Rietveld refinement using Topas Academic software ([Table 1](#t1){ref-type="table"}). Rietveld data fit on X-ray diffraction data for GdVO~4~:Eu^3+^ bulk particles and difference pattern between the simulated and experimental data are shown in [Figure 2b](#f2){ref-type="fig"}. Previous reports on the structure of GdVO~4~ NPs (see for example Refs. [@b11] and [@b24]) have demonstrated the particle-size-dependent lattice expansion or contraction. In the present study, no significant changes were observed in the lattice parameters between bulk particles and NPs. Particle reduction from micron size to the size of 4 nm induce an increase of 0.42% in cell volumes in the case of Er^3+^/Yb^3+^-doped GdVO~4~ and 0.26% in the case of Eu^3+^-doped GdVO~4~. Lattice expansion is related to an increase in the number of surface defects caused by the surface-absorbed molecules, which caused negative surface stress[@b24].

High-magnification transmission electron microscopy (TEM) images of the GdVO~4~:Eu^3+^ and GdVO~4~:Er^3+^/Yb^3+^ NPs, shown in [Figure 3a and 3b](#f3){ref-type="fig"}, respectively, were measured on nondispersed powders. Lower-magnification TEM images, shown in [Figure 3c and 3d](#f3){ref-type="fig"}, are measured on a grid coated with NPs dispersed in ethanol. The TEM images show NPs of \~3--4 nm in diameter. This finding is consistent with the crystallite size evaluated from the powder X-ray diffraction (XRD) measurements. In particular, similar values of the crystalline domain size and microscopically estimated average particle size of the NPs imply that each particle consists of a single crystallite. The selected area electron diffraction (SAED) pattern (inset of [Figure 3b](#f3){ref-type="fig"}) shows features typical to polycrystalline powders with extremely small particles.

Luminescent properties of GdVO~4~:Eu^3+^-downshifting photon conversion
-----------------------------------------------------------------------

Downshifting, or downconversion (DC), is the process of converting high-energy photons into low-energy ones. In RE^3+^-doped materials, DC usually consists of the absorption of high-energy photons by the host material, energy transfer from the host to the excited states of the RE^3+^ ions, and emission of low-energy photons after radiative relaxation of the excited states of the RE^3+^ ions to the ground state. GdVO~4~ is an excellent host matrix for downshifting photon conversion. This material shows strong absorption in the UV spectral region and efficient energy transfer to RE^3+^ dopants. The excitation spectra (monitored at 537 nm) of the GdVO~4~:Eu^3+^ NPs and the bulk material recorded at room temperature are shown in [Figure 4a](#f4){ref-type="fig"}. The spectra share similar features; one can observe broad charge transfer bands (centered at 280 and 320 nm)[@b25] and several sharp bands at longer wavelengths (350--500 nm) from the absorption by Eu^3+^.

It is well known that the 320-nm excitation band may be attributed to the VO~4~^3−^ groups, i.e., to a V^5+^--O^2−^ charge transfer (CT) from the excited oxygen ligands (O^2−^) to the central vanadium atom (V^5+^) in the VO~4~^3−^ ions. According to the molecular orbital theory, this corresponds to transitions from the ^1^A~2~(^1^T~1~) ground state to the ^1^A~1~(^1^E) and ^1^E(^1^T~2~) excited states of the VO~4~^3−^ ions, i.e., in crystalline GdVO~4~, the original *T~d~* symmetry of VO~4~^3−^ (free ion) is reduced to *D~2d~* by the crystal field; this causes a splitting of the degenerate levels of VO~4~^3−^. The 280-nm excitation may be assigned to the combined effects of the V^5+^--O^2−^ CT and CT transition between Eu^3+^ and O^2−^. It seems that the V^5+^--O^2−^ CT occurs much more easily than the CT of Eu^3+^--O^2−^ because of the large differences in the charge and ionic radii between V^5+^ (+5, *r* = 0.0355 nm) and Eu^3+^ (+3, *r* = 0.107 nm)[@b22][@b26][@b27][@b28]. The excitation spectra above 350 nm exhibit sharp lines at 363, 377, 381, 395, 418, and 466 nm, which exclusively correspond to the following *f*--*f* transitions within the 4f^6^ electronic shell of Eu^3+^ ions: ^7^F~0~ → ^5^D~4~, ^7^F~0~ → ^5^G~4~, ^7^F~0~ → ^5^G~2~, ^7^F~0~ → ^5^L~6~, ^7^F~1~ → ^5^L~6~, and ^7^F~0~ → ^5^D~2~, respectively. The absorption of VO~4~^3−^ is stronger than that of Eu^3+^, because the *f*--*f* electronic transitions of lanthanides are spin-forbidden. However, [Figure 4a](#f4){ref-type="fig"} shows that this difference is much more pronounced in the NPs than in the bulk particles.

The room-temperature DC emission spectra of GdVO~4~:Eu^3+^ NPs and the bulk material, recorded under excitation at 330 nm, are shown in [Figure 4b](#f4){ref-type="fig"}. For the sake of convenience, the emission intensity values of the bulk material (because they are much larger) are scaled down by a factor of 100. As is known, the emission intensities of RE^3+^-doped materials are generally lower for nanocrystals; this phenomenon can be explained by surface effects. Nano-sized particles possess a higher surface-area-to-volume ratio and many ligating species on their surface; therefore, a larger portion of RE^3+^ emissions is quenched.

The emission spectra are dominated (in the range above 500 nm) by the red ^5^D~0~ → ^7^F~2~ electronic transition of Eu^3+^ at 618 nm, while three weaker lines at 537, 551, and 593 nm can be attributed to the ^5^D~1~ → ^7^F~1~, ^5^D~1~ → ^7^F~2~, and ^5^D~0~ → ^7^F~1~ transitions, respectively. Further, the spectrum of the NPs shows an intense, broad band with a maximum at \~400 nm attributed to the vanadate group emission. However, the emissions from the vanadate groups are much smaller than those from Eu^3+^ in the bulk material, which further confirms the more pronounced nonradiative relaxation (quenching) of Eu^3+^ in the NPs than that in the bulk material. Nevertheless, emission from the GdVO~4~:Eu^3+^ NPs is sufficiently strong to be easily recorded. A schematic representation of the transitions responsible for the emission spectrum is shown in [Figure 4c](#f4){ref-type="fig"}.

It is well known that the emission of Eu^3+^ ions can serve as a sensitive probe of local site symmetry[@b29][@b30]. It is possible to deduce the local symmetry around the Eu^3+^ ion from the number of multiplet--multiplet transition bands. Moreover, the relative intensities of the transitions also provide some information about the local symmetry. When Eu^3+^ occupies a site with an inversion center, the magnetic-dipole transition of ^5^D~0~ → ^7^F~1~ (orange) is dominant. On the contrary, the electric-dipole transition of ^5^D~0~ → ^7^F~2~ (red) will be dominant when Eu^3+^ occupies a site without an inversion center. Here, the shape of the emission spectra ([Figure 4b](#f4){ref-type="fig"}) confirms that the Eu^3+^ ions occupy sites with D~2d~ point symmetry (sites without an inversion center), i.e., they replace the Gd^3+^ ions. This finding further confirms and complements those from the XRD results[@b31][@b32]. Apart from the smaller emission intensities in the NPs compared to the bulk material, no other differences between the emission spectra could be observed (no changes in the band shapes and no band shifts). By taking into account the high sensitivity of Eu^3+^ luminescence to changes in the symmetry of the local environment, it was found that negligible lattice aberrance in nanoparticles is confirmed by the absence of modulation of emission. Therefore, it is reasonable to conclude that reduction in the particle size does not produce any considerable changes in the crystal structure of GdVO~4~ particles.

In solid materials, electrons in the 4f^n^ orbitals of lanthanides are highly localized; therefore, such electrons do not exhibit quantum confinement even in nanocrystals[@b33]. Nanophenomena due to size confinement in lanthanide nanoparticles may occur through changes of ion--phonon coupling, which influence the dynamics of 4f--4f transitions, whereas the static energy levels of the 4f states experience negligible impact. In fact, majority of reported size-reduction effects on lanthanide luminescence from 4f-4f transitions are not results of nano-confinement on electronic states. They are the consequences of induced structure distortion and surface defects that affect the local environments (site symmetry) surrounding the lanthanide ions. In contrast to lanthanide 4f^n^ states, the electronic states of VO~4~^3−^ ions are sensitive to the particle size. This is also the case with the lanthanide 4f^n−1^5d states, which, however, are not of relevance for the current study. In these cases, electronic transitions between states are spin-allowed, whereas the transitions between 4f^n^ states are spin-forbidden. Therefore, the size effect appears in VO~4~^3−^ transitions and is responsible for the difference in the excitation spectra shown in [Figure 4a](#f4){ref-type="fig"}.

Luminescent properties of GdVO4:Er^3+^/Yb^3+^: upconversion and downconversion
------------------------------------------------------------------------------

In upconversion (UC), the sequential absorption of two or more photons (via intermediate long-lived energy states) leads to the emission of light at a shorter wavelength than the excitation wavelength. The most important class of UC materials are based on transparent inorganic insulators doped with RE^3+^ ions, because these ions have many long-lived energy states. UC NPs are of particular interest because of the following reasons: they have huge potential in biomedical applications (excitation in the NIR spectral region where biological materials have minimal absorption); they can be used to improve the solar cell efficiency (because NP layers scatter considerably less light than bulk particles); and it is possible to fine-tune the various properties of NPs for a specific purpose by controlling their shape and size at the nanometer scale[@b34].

[Figure 5a and 5b](#f5){ref-type="fig"} presents the room-temperature UC emission spectra of the GdVO~4~:Er^3+^/Yb^3+^ NPs and the bulk material and a schematic illustration of the energy levels and transitions for the Yb^3+^/Er^3+^ system, respectively. Their emission spectra were measured upon excitation with 980-nm radiation under identical conditions for comparing the emission intensities.

Er^3+^/Yb^3+^ doping of materials, where Yb^3+^ is used as a sensitizing ion and Er^3+^ is used for providing the emission, is by far the most frequently used method for preparing RE-based UC materials. This is because Yb^3+^ shows good absorption in the NIR spectral region (\~980 nm) and a simple energy-level structure with only two levels whose energy difference closely matches that of Er^3+^; also, energy transfer from Yb^3+^ to Er^3+^ is efficient. The observed UC emission peaks ([Figure 5a](#f5){ref-type="fig"}) are characteristic of Er^3+^ emission and are present in both the green (^2^H~11/2~ → ^4^I~15/2~ and ^4^S~3/2~ → ^4^I~15/2~ transitions) and red (^4^F~9/2~ → ^4^I~15/2~ transition) spectral regions.

A schematic representation of the processes responsible for UC emission is shown in [Figure 5b](#f5){ref-type="fig"}. The energy of the ^4^I~11/2~ level of Er^3+^ is very similar to that of the ^2^F~5/2~ level of Yb^3+^; thus, both Er^3+^ and Yb^3+^ absorb 980-nm photons. However, the absorption cross section of the ^2^F~7/2~ → ^2^F~5/2~ transition of Yb^3+^ is very large than that of the ^4^I~15/2~ → ^4^I~11/2~ transition of Er^3+^; therefore, the Yb^3+^ ions absorb most of the excitation energy. The excited Yb^3+^ ions either relax to the ground state (^2^F~7/2~) or participate in energy transfer to the neighboring Er^3+^ ions. Therefore, the energy levels of Er^3+^ are populated by ground- and excited-state absorption and by the charge transfer from the Yb^3+^ ions. Because of the long-lasting nature of the Er^3+^ excited states, its higher energy levels can be populated after the absorption of two or more photons by a combination of the above-mentioned processes. The radiative relaxation of these higher energy states produces UC emission. In the cases of relaxation from ^2^H~11/2~ and ^4^S~3/2~ (green emission) and ^4^F~9/2~ (red emission) to the Er^3+^ ground state (^4^I~15/2~), the overall UC process requires the absorption of two photons in each case. UC emission from the NPs is less intense than the emission from the bulk material for the same reasons as for the DC emission with Eu^3+^. Also, in this case, no changes in the band shapes between the NP and bulk emission are observed, and the same ratio of green to red emission is present.

The room-temperature DC emission spectra of the GdVO~4~:Er^3+^/Yb^3+^ NPs and the bulk material recorded under excitation at 345 nm are shown in [Figure 6](#f6){ref-type="fig"}. Two green bands are observed at \~525 and \~555 nm, which correspond to the transitions from the excited-state levels ^2^H~11/2~ and ^4^S~3/2~ to the Er^3+^ ground state (^4^I~15/2~). Note that very weak red emission (\~625 nm) corresponding to the ^4^F~9/2~ → ^4^I~15/2~ transition is also observed, in contrast to the UC spectra upon 980-nm excitation ([Figure 5b](#f5){ref-type="fig"}). This demonstrates that the ^4^F~9/2~ state responsible for the red emission is not populated via the ^4^F~7/2~ and ^4^S~3/2~ levels or the upper levels, but by lower-lying levels via re-excitation[@b35].

Temperature dependence of upconversion emission in Er^3+^/Yb^3+^-doped GdVO~4~ nanoparticles
--------------------------------------------------------------------------------------------

Luminescence thermometry is a promising approach for temperature sensing in a nanoscale environment[@b36][@b37][@b38]. Temperature evolution can be realized by remotely measuring the changes in the luminescent properties of the various types of NPs or organic dyes. This approach provides temperature measurements with spatial resolution of less than 1 μm, which cannot be achieved with traditional thermometers, and can be highly beneficial in biomedicine, micro/nano-electronics, and integrated photonics[@b37]. Temperature sensing with upconverting NPs is of particular interest for biomedicine, because the excitation typically occurs in the NIR spectral region, and therefore, autofluorescence (the natural emission of light by biological structures such as mitochondria and lysosomes when they absorb light) from biological material does not affect the measurements. NIR excitation shows excellent tissue penetration, and a large number of rather inexpensive light sources operating in this spectral region exist. Here, the potential of the Er^3+^/Yb^3+^-doped GdVO~4~ NPs for temperature sensing is assessed. The UC emission spectra of the GdVO~4~:Er^3+^/Yb^3+^ NPs recorded over the temperature range 307--473 K are shown in [Figure 7](#f7){ref-type="fig"}.

Because two closely separated levels show Boltzmann-type relative population, the integrated fluorescence intensity ratio (FIR) of transitions from the ^2^H~11/2~ and ^4^S~3/2~ levels to the ground level could be approximated using Boltzmann distribution as follows[@b39]: where *g~H~* and *g~S~* are the degeneracies of the ^2^H~11/2~ and ^4^S~3/2~ levels, respectively; *A~H~*, *A~S~* and *ν~H~*, *ν~S~* are the spontaneous emission rates and frequencies of the ^2^H~11/2~ → ^4^I~15/2~ and ^4^S~3/2~ → ^4^I~15/2~ transitions, respectively; *h* is the Planck\'s constant; *k* is the Boltzmann\'s constant; and T is the absolute temperature. [Equation (1)](#m1){ref-type="disp-formula"} can be expressed as follows: where *B* and *C* are the constants that need to be determined.

Fitting of the experimental data with [Equation (2)](#m2){ref-type="disp-formula"}, shown in [Figure 8a](#f8){ref-type="fig"}, shows good correlation between experiment and theory, and is also in agreement with previous reports on thermometry performed using Er^3+^ UC emission[@b38][@b39]. The obtained parameters, log(*B*) = 2.81 and *C* = 1047.52 cm^−1^, provide the absolute sensor sensitivity, *S~a~* \[in K^−1^\]: and the relative sensor sensitivity, Sr \[in %K^−1^\]: The sensitivity values calculated from [Equations (3)](#m3){ref-type="disp-formula"} and (4) are shown in [Figure 8b](#f8){ref-type="fig"}. The maximal value of the relative sensitivity, 1.11%K^−1^, is found at 307 K; it is very similar to those found in NaYF~4~:Yb^3+^,Er^3+^[@b40][@b41] and gold-decorated Gd~2~O~3~:Yb^3+^,Er^3+^[@b39]. This result is among the highest relative sensitivities of thermometers based on UC emission (for a comparison see Table S1 in the Supporting Information of Ref. [@b38]). A temperature resolution of \~1 K can be estimated from δFIR/*S~a~*, where δFIR is the resolution of the FIR calculated from the standard deviation of the residuals in the polynomial interpolation of the experimental data points (temperature vs. FIR curve)[@b36][@b39]. Information on the temperature resolution may also be deduced from the sensitivity of the detection system and the calculated sensitivity.

In conclusion, preparation of GdVO~4~ powders using reverse micelles yields super thin NPs (3--4 nm in diameter) because of homogeneous nucleation. A zircon-type structure that incorporates Eu^3+^ or Er^3+^/Yb^3+^ ions as dopants can be achieved without additional thermal treatments; therefore, no further growth of the particles occurs. Moreover, in the absence of thermal treatment and because the particles were conserved in micelles, each particle consists of a single crystallite, as evidenced from the crystal coherence size obtained from the XRD analysis and the particle size from the TEM images. Different optical functions are observed with Eu^3+^ and Er^3+^/Yb^3+^ doping. In DC, the Eu^3+^-doped GdVO~4~ NPs exhibit characteristic sharp emissions in the red region along with broad emissions from the vanadate groups centered at 400 nm. The intensity of the Eu^3+^ emission is much smaller in the NPs than in the bulk powders. This indicates that stronger nonradiative pathways exist in the NPs because of the presence of ligands on their surface. No changes in the band positions or bandwidths are observed in the emission spectra of the NPs and bulk particles; this result suggests that were no significant alterations of the size and symmetry of the first coordination sphere around the dopant ions upon decreasing the particle size to the nanoscale. The Er^3+^/Yb^3+^-doped NPs emit green light with both DC and UC processes. Similar to the Eu^3+^ luminescence, NPs show smaller emissions compared to the bulk particles, and no changes in the band shapes or positions are observed. However, these emissions are of sufficient strength to be easily detected and used; for example, in temperature sensing by UC emission. This might be a new and powerful function of Er^3+^/Yb^3+^-doped GdVO~4~ NPs; luminescence nanoprobes can be used to extract information about the local temperature of a given system with submicrometric spatial resolution, which cannot be achieved with traditional temperature sensors. Compared to other materials recently suggested for use in temperature sensing with UC, Er^3+^/Yb^3+^-doped GdVO~4~ NPs exhibit a high relative sensitivity (of 1.11%K^−1^) with an estimated resolution of 1 K.

Furthermore, temperature sensing with UC emission utilizes excitation sources in the NIR spectral region, where biological tissues show low absorption; therefore, this type of sensor may have valuable applications in the biomedicine and bioimaging fields. GdVO~4~ can act as a T~1~-positive contrast agent, because Gd^3+^ ions possess unpaired electrons that could efficiently alter the relaxation time of the surrounding water protons. Phosphorescent emission of RE^3+^-doped materials is useful for bioimaging, because it lasts longer than the autofluorescence of tissue, and thus, can be easily discriminated using time-resolved measurements. Also, unlike semiconducting quantum dots, RE^3+^-doped NPs do not show photobleaching. Therefore, these NPs, because of their exceptionally small sizes, excellent crystallinity, and phosphorescent emission with the possibility to sense temperature with a high spatial resolution, show significant potential for bioimaging and biolabeling.

Methods
=======

Synthesis of Eu^3+^- and Er^3+^/Yb^3+^-doped GdVO~4~ nanoparticles by reverse micelle method
--------------------------------------------------------------------------------------------

The following chemicals were used as received: gadolinium(III) nitrate hexahydrate, Gd(NO~3~)~3~·6H~2~O (99.9%, Alfa Aesar)~,~ europium(III) nitrate hexahydrate, Eu(NO~3~)~3~·6H~2~O (99.9%, Alfa Aesar), erbium(III) nitrate pentahydrate, Er(NO~3~)~3~·5H~2~O (99.9%, Alfa Aesar)~,~ ytterbium(III) nitrate pentahydrate, Yb(NO~3~)~3~·5H~2~O (99.9%, Alfa Aesar)~,~ ammonium vanadium oxide, NH~4~VO~3~ (min. 99.0%, Alfa Aesar), and sodium hydroxide, NaOH (min. 99%, Moss Hemos).

A typical high-temperature solid-state reaction method was used for preparing RE^3+^-doped GdVO~4~ bulk material; more details can be found in our previous work[@b22]. The GdVO~4~:Eu^3+^ and GdVO~4~:Er^3+^/Yb^3+^ NPs were prepared by a reverse micelle method. The doping levels were 6 mol% of Eu^3+^ and 2 mol% of Er^3+^/10 mol% of Yb^3+^.

A typical synthesis using reverse micelles at room temperature was as follows. First, the following solutions were prepared: 1) an oil phase formed by mixing cyclohexane (100 mL), Triton X-100 (60 mL), and *n*-pentanol (20 mL) in a volume ratio of 5:3:1; 2 a) a solution (10 mL) formed by mixing aqueous solutions of 0.1 M Gd(NO~3~)~3~·6H~2~O and 0.1 M Eu(NO~3~)~3~·6H~2~O in a stoichiometric ratio (6 mol% Eu^3+^ with respect to Gd^3+^); 2 b) a solution (10 mL) formed by mixing aqueous solutions of 0.1 M Gd(NO~3~)~3~·6H~2~O (10 mL) and 0.1 M Er(NO~3~)~3~·6H~2~O and 0.1 M Yb(NO~3~)~3~·6H~2~O in a stoichiometric ratio (2 mol% Er^3+^ and 10 mol% Yb^3+^ with respect to Gd^3+^); and 3) a 0.1 M solution of Na~3~VO~4~ (10 mL) formed by dissolving NH~4~VO~3~ in 0.15 M NaOH. In the next step, the oil phase and solution containing VO~4~^3−^ were mixed; into the obtained mixture, the solution containing RE^3+^ was added drop-wise under continuous magnetic stirring. In all syntheses, the water-to-oil volume ratio was maintained at 1:9.

At the end of each synthesis, a stable (single-phase) yellowish colloid solution containing reverse micelles was obtained upon stirring for 60 min at room temperature. After aging for 24 h, methanol was added to destabilize the solution. The obtained mixture was separated by centrifugation, and the resulting precipitate (powder) was washed several times with methanol and water to remove excess surfactant and then dried in an oven at 70°C for 20 h.

Characterization
----------------

XRD measurements were performed on a Rigaku SmartLab diffractometer using Cu-K~α~ radiation (λ = 0.15405 nm). Diffraction data were recorded with a step size of 0.02° and a counting time of 0.7° min^−1^ over the angular range 10° ≤ 2θ ≤ 100°. Crystallite sizes were estimated using the Halder--Wagner method by analyzing all major diffraction peaks. TEM imaging was performed using a JEOL-JEM 2100 instrument (Akishima-shi, Japan) equipped with a LaB~6~ cathode operating at 200 kV.

Photoluminescence measurements were carried out on pellets prepared from RE^3+^-GdVO~4~ powders under a load of 2 ton cm^−2^. All DC luminescence measurements were performed at room temperature using a Fluorolog-3 spectrofluorometer (model FL3-221, Horiba Jobin Yvon), which uses a 450-W xenon lamp as an excitation source for emission measurements (λ~exc~ = 330 nm for GdVO~4~:Eu^3+^ and λ~exc~ = 345 nm for GdVO~4~:Er^3+^/Yb^3+^) and a xenon--mercury pulsed lamp for decay time measurements. The emission spectra were scanned in the wavelength ranges 350--640 and 375--660 nm, respectively. The UC emission spectra were measured upon excitation with 980-nm radiation (MDLH 980 3w) on an AvaSpec-2048 Fiber Optic Spectrometer system.
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![Simplified schematic of Eu^3+^- and Er^3+^/Yb^3+^-GdVO~4~ nanoparticle synthesis by reverse micelle method based on Triton X-100/*n*-pentanol/cyclohexane/water system.](srep04209-f1){#f1}

![(a) X-ray diffraction patterns of GdVO~4~:Eu^3+^ and GdVO~4~:Er^3+^/Yb^3+^ bulk particles and nanoparticles, with standard JCPDS data (card No. 17-0260) for tetragonal GdVO~4~ phase; (b) Rietveld data fit on powder X-ray diffraction data for GdVO~4~:Eu^3+^ bulk particles and difference pattern between simulated and experimental data; (c) schematic representation of GdVO~4~ zircon-type crystal structure.](srep04209-f2){#f2}

![Transmission electron microscopy images of (a, c) GdVO~4~:Er^3+^/Yb^3+^ and (b, d) GdVO~4~:Eu^3+^ nanoparticles.\
Images (a) and (b) are obtained on nondispersed powder, and images (c) and (d) are obtained on a grids coated with nanoparticles dispersed in ethanol. Inset shows selected area electron diffraction image of typical GdVO~4~:Eu^3+^ particle.](srep04209-f3){#f3}

![(a) Room-temperature excitation spectra and (b) downconversion (DC) emission spectra of bulk and nano-sized GdVO~4~:6mol%Eu^3+^.(c) Energy levels and transitions in Eu^3+^.](srep04209-f4){#f4}

![(a) Room-temperature upconversion (UC) emission spectra of GdVO~4~: 2mol%Er^3+^, 10mol%Yb^3+^ nanoparticles and bulk material. (b) Partial energy-level diagrams of Er^3+^ and Yb^3+^ with proposed upconversion mechanism.](srep04209-f5){#f5}

![Room-temperature downconversion (DC) emission spectra of GdVO~4~:2mol%Er^3+^, 10 mol%Yb^3+^ nanoparticles and bulk material.](srep04209-f6){#f6}

![Upconversion emission spectra of GdVO~4~:Er^3+^/Yb^3+^ nanoparticles recorded over the temperature range 307--473 K.](srep04209-f7){#f7}

![(a) Fluorescence intensity ratio (FIR) values of GdVO~4~:Er^3+^/Yb^3+^ nanopowder as a function of temperature (dots) and corresponding line obtained by fitting [Equation (2)](#m2){ref-type="disp-formula"}.(b) Absolute (blue line) and relative (red) sensitivity of FIR temperature sensor based on the upconversion of GdVO~4~:Er^3+^/Yb^3+^ nanopowder.](srep04209-f8){#f8}

###### Structural details of synthesized Eu^3+^- and Er^3+^/Yb^3+^-doped GdVO~4~ bulk particles and nanoparticles calculated by Rietveld refinement

                           bulk GdVO~4~:Eu^3+^   nano GdVO~4~:Eu^3+^   bulk GdVO~4~:Er^3+^,Yb^3+^   nano GdVO~4~:Er^3+^,Yb^3+^
  ----------------------- --------------------- --------------------- ---------------------------- ----------------------------
  Crystallite size (nm)           52(4)                4.19(6)                   55(6)                       4.30(2)
  Strain (%)                      0.005                0.0003                    0.057                        0.0001
  R (Bragg)                       2.08                  0.35                      3.59                         0.57
  *a* = *b* (Å)                 7.209(7)               7.20(2)                  7.174(6)                     7.17(2)
  *c* (Å)                       6.345(6)               6.37(1)                  6.323(5)                     6.35(5)
  *c*/*a*                        0.8802                0.8846                    0.8814                       0.8861
  *V* (Å^3^)                    329.8(7)              330.6(3)                  325.4(6)                     326.(2)
  Rp (%)                          1.44                  1.06                      2.04                         1.41
  Rwp (%)                         2.27                  1.36                      3.11                         1.95
